INTRODUCTION
Prostate cancer (PCa) is one of the most common solid neoplasms and the second leading cause of death due to cancer among men in both the United States and Europe. 1, 2 In China, the incidence of PCa was low historically but has increased substantially in the last two decades. In urban Shanghai, the estimated age-standardized incidence rate (ASIR) of PCa increased from 2.3 per 100 000 during 1988-1992 to 6.9 per 100 000 during 1998-2002. 3 Currently, the prostate-specific antigen (PSA) assay is widely used for the early detection of PCa and its increased use in China in recent years has indicated to an increased incidence of PCa. However, the increase in PSA screening has also led to an increase in the diagnosis of clinically insignificant tumors (over-diagnosis) and
ORIGINAL ARTICLE
Performance of the Prostate Health Index in predicting prostate biopsy outcomes among men with a negative digital rectal examination and transrectal ultrasonography PHI has also been recommended in the National Comprehensive Cancer Network (NCCN) as a blood test to improve the specificity of PCa detection in its updated Clinical Practice Guidelines in Oncology (NCCN Guidelines) for Prostate Cancer Early Detection. 9 A prostate biopsy is routinely recommended following a suspicious digital rectal examination (DRE) or transrectal ultrasonography (TRUS) regardless of PSA levels. 10, 11 However, clinical guidelines are unclear regarding the next step for men with negative DRE and TRUS results but with an elevated PSA level. Biopsy may also be recommended for men with a PSA of 2.5-4.0 ng ml −1 . 12, 13 However, this may lead to unnecessary biopsies and possibility over detection of some cancers. 13, 14 To investigate this issue, we tested the hypothesis that novel PSA markers (p2PSA, %p2PSA, and PHI), particularly PHI, are more accurate than age, tPSA, and free-to-total PSA ratio (%fPSA) at detecting prostate cancer. This was done in a prospective trial, using consecutively diagnosed patients with a negative DRE and TRUS who underwent prostate biopsy in China. Clear conclusions regarding this hypothesis may result in the avoidance of unnecessary biopsies.
MATERIALS AND METHODS

Patients
This study included 638 consecutive patients who underwent prostate biopsies between April 2012 and August 2013 for the detection of PCa using the current standard of care at three tertiary hospitals in Shanghai, China. Typical indications for prostate biopsy at these three hospitals were: (1) tPSA >4.0 ng ml −1 ; (2) %fPSA ratio <0.16; (3) PSAD >0.15; or (4) presence of prostate nodules detected by DRE or ultrasound. The TRUS-guided biopsies were performed using a 10-core scheme. All biopsy specimens were reviewed in the Pathology Department of the respective hospital. Before the biopsy, demographic and clinical variables were collected, and PSA was measured. After excluding all patients with a positive DRE or TRUS, the study included 261 patients with a negative DRE and TRUS. The primary outcome was a diagnosis of PCa based on a biopsy. The secondary outcome was a diagnosis of high-grade PCa (Gleason score 4 + 3 and ≥8).
Specimens and laboratory analysis
Blood samples collected from consenting patients were stored immediately at 4°C and then centrifuged and refrigerated within 2 h collection. The serum was frozen at −70°C for future analysis. For each patient, the serum p2PSA, tPSA, and fPSA were measured centrally using the Beckman Coulter DxI 800 Immunoassay System. PSAD was calculated by dividing the serum tPSA level by the prostate volume (PV) as determined by TRUS during the biopsy. The %fPSA and %p2PSA were calculated. The Beckman Coulter PHI was determined using the formula PHI = ([-2]proPSA/free PSA) × sqrt(PSA).
Statistical methods
Two types of biopsy outcome were tested in the study: PCa versus non-PCa and high-grade PCa versus everything else. The differences between the two types of biopsy outcome with respect to age, PV, tPSA, %fPSA, PSAD, p2PSA, %p2PSA, and PHI were assessed using the Student's t-test for normal data and the Wilcoxon rank sum test for skewed data. Due to nonnormal distributions of age, PV, tPSA, %fPSA, PSAD, p2PSA, %p2PSA, and PHI, these variables were log-transformed before any statistical analysis. The areas under the receiver operating characteristic (ROC) curves (AUC) of different variables (age, PV, tPSA, %fPSA, PSAD, p2PSA, %p2PSA, and PHI) were calculated in univariate regression analyses. AUC of PHI was compared separately with the AUC of age, tPSA, and %fPSA and multivariate analysis was used to assess the value of PHI in the diagnosis of PCa. The sensitivity and specificity of each variable were calculated to assess the diagnostic performance of the various assays in terms of PCa detection. All descriptive statistics and comparisons were performed using Stata/SE 13.0 software (StataCorp., College Station, TX, USA). A two-sided P < 0.05 was considered statistically significant in all of the analyses.
Ethics
Due to the fact that the China Food and Drug Administration has not approved p2PSA and PHI, this study was performed as a research project. Serum p2PSA was measured but not used for clinical decisions. The written informed consent was obtained from each patient. This study was approved by the Institutional Review Board at each hospital.
RESULTS
Baseline characteristics
Among 261 patients with a negative DRE and TRUS who underwent prostate biopsy, 67 (26.05%) patients were diagnosed with PCa and 30 (11.49%) were diagnosed with high-grade PCa. Table 1 summarizes the clinical parameters and novel PSA markers for patients according to biopsy outcomes (PCa vs non-PCa and high-grade PCa vs everything else) for the entire cohort. Patients with PCa had a significantly higher median age (P = 0.017), tPSA (P = 9.78E-10), PSAD (P = 1.69E-12), p2PSA (P = 2.03E-14), %p2PSA (P = 6.24E-14), and PHI (P = 7.77E-18), and a lower median %fPSA (P = 3.81E-04) than non-PCa patients. Patients with high-grade PCa had a significantly higher median tPSA (P = 2.05E-09), PSAD (P = 3.72E-11), p2PSA (P = 4.32E-10), %p2PSA (P = 9.90E-10), and PHI (P = 5.98E-13), and a lower median %fPSA (P = 2.09E-03) than everyone else.
ROC curves analysis
Data regarding the predictiveness of existing clinical variables and novel PSA markers for predicting PCa, measured using the AUC, are presented in Table 2 and Figure 1 . Within the entire cohort, as well as within subsets of patients with tPSA at 10.1-20 ng ml −1 and tPSA >20 ng ml −1 , AUC scores were consistently highest for PHI, which performed the best in terms of predicting the results of the initial prostate biopsy in our population. The difference in AUC scores between PHI and age was 0.255 (P = 5.36E-07) within the entire cohort. This difference was larger in the higher PSA level subset analysis: 0.269 (P = 0.006) in patients with tPSA at 10.1-20 ng ml −1 and 0.357 (P = 1.00E-04) in patients with tPSA at >20 ng ml −1 . The difference in AUC scores between PHI and tPSA was 0.102 (P = 0.001) for the entire cohort. This difference was larger in the higher PSA level subset analysis: 0.234 (P = 0.003) in patients with tPSA at 10.1-20 ng ml −1 and 0.119 (P = 0.013) in patients with tPSA >20 ng ml −1 . The difference in AUC scores between the PHI and %fPSA was 0.207 (P = 1.92E-08) for the entire cohort. This difference was similar to the one obtained in the higher PSA level subset analysis: 0.199 (P = 0.005) in patients with tPSA at 10.1-20 ng ml −1 and 0.210 (P = 0.009) in patients with tPSA >20 ng ml −1 . Multivariate analysis was used to assess the value of PHI in the diagnosis of PCa. Age, tPSA, and %fPSA were entered into the multivariate analysis as the base prediction model ( Table 3 and  Supplementary Table 1) . When PHI was added to the base model, the difference in AUC between the base model and base model + PHI was 0.069 (P = 1.25E-04) for the entire cohort. This difference was larger for the subset analysis of tPSA at 10.1-20 ng ml −1 (0.137 [P = 0.003]) and similar to the difference observed in the tPSA >20 ng ml −1 level subset analysis (0.051 [P = 0.047]).
With respect to predicting high-grade PCa, the results of the AUC analyses generally supported the superior performance of the PHI at discriminating high-grade PCa from everything else in the entire cohort. The AUC score of the PHI was the highest when it came to discriminating high-grade PCa from other cases (Supplementary Table 2 ). In the multivariate analyses, when PHI was added to the base model (age + tPSA + %fPSA), the difference in AUC scores between the base model and base model + PHI was 0.025 (P = 0.034) for the entire cohort (Supplementary Table 2 ).
Clinical significance of guiding biopsy using various tumor markers
To further assess the performance of the various parameters, we set the sensitivity at 91%, which eliminated 6 of the 67 cancer cases. At this level, the cut-off values for variables associated with the need for biopsy are shown in Table 4 . The cut-offs were tPSA ≥6.94 ng ml −1 , %fPSA ≤19.32, PSAD ≥0.188 ng ml −2 , p2PSA ≥14.25 pg ml −1 , %p2PSA ≥0.973, and PHI ≥38.59. At this same sensitivity level, PHI had the highest specificity of 56.70% ( Table 4) .
DISCUSSION
The low accuracy of opportunistic PSA-based screening has led to the development of more specific plasma-based biomarkers, including p2PSA, %p2PSA, and PHI, which have been widely described as improving the detection of PCa compared to classic PSA testing. [5] [6] [7] [8] [15] [16] [17] [18] [19] [20] PHI is a new formula that combines tPSA, fPSA, and p2PSA into a single score that can be used to aid clinical decision-making. 21 PHI is calculated as ([-2]proPSA/free PSA) × sprt(PSA). Intuitively, this formula is logical, in that men with a higher tPSA and p2PSA and with a lower fPSA are more likely to have clinically significant prostate cancer.
In addition to PHI, prostate cancer antigen 3 (PCA3) has also been assessed as a potential new screening marker, 22, 23 and several groups have compared the performance of PHI with PCA3 leading up to a prostate biopsy. For example, one study reported a head-to-head comparison between PHI and PCA3 in European men undergoing initial or repeat biopsies. Overall, PHI had a higher AUC (0.70) than either PCA3 (0.59) or %fPSA (0.60). 24 Another recent study also compared PHI with PCA3 and found that the PHI outperformed PCA3 for predicting clinically significant prostate cancer. 25 One rationale for this study design was the fact that there are considerable differences in the characteristics of PCa between patients from China and Western countries. The PSA "gray zone" is 4-10 ng ml −1 in Western countries where the detection rate of PCa is ~34% among these patients, 26 while evidence from Chinese studies 8, 27, 28 suggests that the PSA "gray zone" in China is 10-20 ng ml −1 . The reported PCa detection rate among patients with a tPSA of 10.1-20 ng ml −1 in Chinese studies is 29.8%-36.5%. 8, 29 Hence, the performance of PHI with respect to discriminating biopsy outcomes among men with a negative DRE and TRUS at a tPSA of 10.1-20 ng ml −1 is important for the Chinese population. In this study, we found that among men undergoing their first prostate biopsy with a negative DRE and TRUS, PHI was a significant predictor of PCa for the entire cohort. PHI also performs better than tPSA and other PSA markers in discriminating which men will be diagnosed with clinically significant PCa. More specifically, the accuracy of PHI over tPSA at discriminating biopsy outcomes among men with a negative DRE and TRUS was greater in men with higher PSA levels, especially in the subset with tPSA at 10.1-20 ng ml −1 . The ; it was 0.916 for the PHI and 0.797 for tPSA in patients with tPSA >20 ng ml −1 . The superior performance of the PHI in a sample of men with a negative DRE and TRUS with tPSA >10 ng ml From the perspective of translational medicine, a PHI-based strategy may considerably reduce the number of unnecessary biopsies compared to other markers, while maintaining the same PCa detection rate among men with a negative DRE and TRUS. At a sensitivity level of 91%, which eliminated 6 of the 67 cancer cases, the cut-off of PHI with regard to the need for a biopsy was ≥38.59. Of the cases eliminated from the analysis, five patients involved T1c disease, four had Gleason scores of 3 + 3, and one had a Gleason score of 3 + 4. These are considered low-risk cases. 17, 30 Nevertheless, this level eliminated one higher-grade cancer patient with a Gleason score of 4 + 3 and a tPSA of 16.8 ng ml −1 . At this level, the cut-off of tPSA with regard to the need for a biopsy was ≥6.94 ng ml −1 , therefore a combination of the PHI with tPSA would prevent the elimination of this case. PHI had the best specificity (56.70%) compared with tPSA and other variables. To detect 91% of all PCa in the cohort, we would need to biopsy 198 (75.86%) patients with higher tPSA values (≥6.94 ng ml −1 ), or only 145 (55.56%) patients with higher PHI values (≥38.59), a 20.31% reduction in the number of biopsies. Similar results were found when comparing the PHI with %fPSA, PSAD, p2PSA, and %p2PSA.
Our results are slightly different from those observed in a retrospective study of 230 Asian men with tPSA levels of 4-10 ng ml −1 , which used >26.54 as the PHI cut-off with regard to the need for a biopsy at 90% sensitivity but found the specificity to be 49.76. 17 These discrepant results are likely to be due to differences between the study population. However, both of these Asian studies are consistent with previous international studies that specify a cut-off for the PHI with regard to the need for a biopsy ranging from 22.8 to 48.5 at 90% sensitivity. 6, 17, 20, [31] [32] [33] With respect to predicting the probability of higher-grade cancers, our results support the superior performance of the PHI in discriminating high-grade PCa from everything else in the entire cohort. The AUC score of PHI was higher than that of all the other variables with respect to discriminating high-grade PCa from everything else. As the overall sample size was small, there were only 30 high-grade cancers. This is one limitation in our study that might be overcome by a larger sample cohort study. Besides the relatively small cohort, the inclusion of only Chinese men may affect its external validity. Therefore, our results should be interpreted with caution, and investigations of other Chinese and non-Chinese study populations are warranted before applying our conclusions to clinical practice. Nevertheless, with well-documented cases and no missing data, the data collection proved to be reliable.
The introduction of PSA as a screening tool has contributed to the early detection of prostate cancer. However, it has also resulted in over-diagnosis and over-treatment. Promising novel biomarkers are in development. Our findings indicate that PHI may help in screening for PCa among men undergoing their first prostate biopsy with a negative DRE and TRUS, thereby avoiding over-diagnosis and over-treatment, especially in patients with a tPSA of 10.1-20 ng ml −1 , which is considered to be the Chinese PSA "gray zone. " Additional multi-center studies in China with a larger sample size are needed before the PHI can be used in clinical practice.
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